Abstract-The detection and measurements of properties of neutrons are of great importance in many fields of research, including neutron scattering and radiography, measurements of solar and cosmic ray neutron flux, measurements of neutron interaction cross sections, monitoring of neutrons at nuclear facilities, oil exploration, and searches for fissile weapons of mass destruction. Many neutron detectors are plagued by large backgrounds from x-rays and gamma rays, and most current neutron detectors lack single-event energy sensitivity or any information on neutron directionality. Even the best detectors are limited by cosmic ray neutron backgrounds. All applications would benefit from improved neutron detection sensitivity and improved measurements of neutron properties. Here we show data from a new type of detector that can be used to determine neutron flux, energy distribution, and direction of neutron motion. The detector is free of backgrounds from x-rays, gamma rays, beta particles, and relativistic singly charged particles. It is relatively insensitive to cosmic ray neutrons because of their distinctive angular and energy distributions. It is sensitive to thermal neutrons, fission spectrum neutrons, and high energy neutrons, with detection features distinctive for each energy range. It is capable of determining the location of a source of fission neutrons based on characteristics of elastic scattering of neutrons by helium nuclei. A portable detector could identify one gram of reactor grade plutonium, one meter away, with less than one minute of observation time.
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I. DETECTOR CONCEPT
We report a significant advance in the detection of neutrons and determination of their energy and direction of motion in a simple, compact device. The concept [1, 2, 3] is illustrated in Figure 1 . The detector is in a chamber that contains CF 4 gas at low pressure. One bar or more of 4 He is added to provide a target for neutrons through elastic scattering, and 3 He is added to detect thermal neutrons. A cathode mesh and field cage set up an electric field in an electron "drift region", and a grounded mesh is separated by a few hundred microns from an anode copper plate that sets up a high electric field in an "amplification region." A charged particle moving through the chamber leaves a trail of ionization electrons in its wake. The electrons from this track drift to the amplification plane, where an electron avalanche occurs, accompanied by the emission of scintillation light from CF 4 . The scintillation light is imaged by the lens and CCD camera. If a neutron collides elastically with a 4 He nucleus it produces a track similar to that of an alpha particle from a radioactive source, except at lower energy. If a neutron is absorbed by a 3 He nucleus it produces back-to-back tracks of a proton and triton with 764 keV of energy. The device is blind to minimum ionizing charged particle tracks and has image formation and clearing time of the order of 10 ns. Determination of the third component of tracks can be made with the use of a photomultiplier tube to monitor drift time, which is the order of 100 ns/cm. Figure 1 . Schematic of neutron detector. Vamp is applied to the amplification stage's metal anode plate, and Vdrift is applied to the mesh at the top of the field cage that sets up a uniform electric field in the electron drift region. An alpha particle source is used to calibrate the device.
Our concept is similar to, but much simpler than, one proposed [4] in 1994 to search for dark matter. That device utilized a time projection chamber with parallel plate avalanche counter, an optical readout using the light-emitting gas triethylamine (with 280 nm wavelength), and a 4.5 kG magnetic field to reduce electron diffusion. The light collecting system included an ultraviolet lens and an image intensifier that was followed by a phosphor screen. The image on the phosphor screen was viewed by a second lens and a CCD video camera. Another device similar to ours has been built [5] to detect thermal neutrons using a Gas Electron Steven Ahlen, Denis Dujmic, Peter Fisher, Andrew Inglis, Hidefumi Tomita, and Hermann Wellenstein A Background-Free Direction-Sensitive Neutron Detector
Multiplier (GEM) in a 5 cm diameter chamber with a 2 cm drift distance. The gas used was a mixture of CF 4 (300 torr) and 3 He (460 torr). Our early work showed that commercial GEMs were too thin (50 µm) to use with low pressure CF 4 , which is why we adopted the mesh approach. In addition, GEMs are quite expensive and fragile in comparison to the meshes that we use.
Other standard neutron detectors currently in use include the 3 He based proportional tube and Bonner sphere techniques [6] , pulse shape discrimination in organic scintillators to distinguish elastic collisions of neutrons with protons from gamma ray signals [7] , and various schemes making use of other exoergic thermal neutron capture reactions such as 
II. SMALL PROTOTYPE DETECTOR
We have exposed a small prototype detector to several sources of radiation, including an 241 Am alpha source, a 252 Cf fission spectrum neutron source, a deuterium-tritium neutron generator, and cosmic ray neutrons. We used an Apogee U6 CCD camera and a Nikon 55 mm lens, which provided a typical field of view 10 cm on a side for the neutron exposures. The field cage drift distance was 10 cm, and the meshes that bounded the drift region were made of stainless steel. Figure 2 shows a pair of tracks from the alpha source. The field of view was 14 cm for this setup. The light intensity is indicated by the color scale, and the Bragg peak of ionization is apparent. The gap in one of the tracks is due to a nylon wire that separates the mesh from the copper anode. The direction of motion of a stopping alpha particle can be determined by the reduction of ionization as the alpha particle approaches its end of range. 252 Cf neutrons. The amplification plane was parallel to the floor of the lab and the source was six meters away, about the same height from the floor as the detector. The neutrons came from the bottom of the images. This can be observed from the orientation of the recoils and the diminishing of light intensity toward the end of range. One of the tracks is going the wrong direction, and is due to a neutron which scattered off the wall of the lab. The excellent directionality information is due to the fact that the elastic scattering of neutrons by 4 He near 1 MeV proceeds through a p-state resonance of 5 He which has a relatively large cross section and a differential cross section that is peaked in the forward and backward directions. Each of the images of Figure  3 had a one-second exposure time, and about one out of every three exposures had a neutron recoil event. We have developed image analysis software to automate data analysis. Tracks are found and measured and scatter plots of projected track length vs total energy are obtained. This allows different particle types to be identified. Improved resolution will be possible with the use of photomultiplier tube information, which enables the determination of total track length. Figure 4 shows scatter plots for four cases which show events for elastic scatters of C and F (top), elastic scatters of C and F and partially contained events for 3 He neutron captures (2 nd from top), elastic scatters of 4 He (3 rd from top), and He and partially contained events for 3 He neutron captures (bottom). Figure 5 shows the full scale plots for the exposures with 3 He. These show the fully contained neutron captures as horizontal bands at 764 keV. The bottom plot shows that the thermal neutrons were more abundant than the fission neutrons in the concrete shielded vault used for the irradiations. The cross section for thermal neutron capture by 3 He is about 6000 barns, while the elastic cross section for 4 He near 1 MeV is a little less than 10 barns. Thus the detection efficiency for a mixture of 560 torr 4 He + 1 torr 3 He is about the same for thermal and fission neutrons.
A photomultiplier tube can be used to give the third component of the particle track. The drift velocity is about 10 cm/µs so that if a track is inclined 1 cm perpendicular to the amplification plane the spread in drift times for the first and last electron to reach the plane will be 100 ns. The top part of Figure 6 shows a short 19 F recoil track and its phototube pulse (1.5 mm track length and 30 ns pulse). The bottom part of Figure 6 shows a partially contained 3 He + n capture event and its phototube pulse (2 cm horizontal and 2 cm vertical track length and 200 ns pulse). 
III. LARGE PROTOTYPE
We have built a large detector with a 20 cm drift field cage and a 30 cm diameter amplification plane (using copper mesh), which was viewed by a Schneider 17 mm focal length lens and an Andor iXon 888 EMCCD (Figure 7 ). This type of CCD has on-chip amplification which enables single photon per pixel imaging. Figure 8 shows two images from this device, with a gas mixture of 40 torr CF 4 + 600 torr 4 He, 620 volts on the anode and a drift field of 125 V/cm. The one-second duration images were taken with the Cf source at six meters distance.
Neutrons came from the top of the images. With a gas pressure of 4 bar, this same device would produce a similar image as these for a one-minute exposure time if one gram of reactor grade plutonium were one meter away. Figure 9 shows images from the EMCCD setup for 14.1 MeV neutrons from a D-T neutron generator. A number of inelastic interactions become possible at these higher energies, and identifying these interactions enables measurements of the high energy neutron environment. The top four events show three alpha particles emerging from the inelastic collisions of neutrons with carbon nuclei. The neutron energy threshold for this reaction is 7.9 MeV. Figure 7 . Top photo shows field cage on the top and camera on the bottom. Bottom photo shows the setup for the small and large prototypes in the concrete-shielded radiation exposure vault at MIT (the small prototype is shown). The Cf neutron source is on the left in the foreground. Note the back and side walls which serve as secondary neutron sources due to neutron albedo. Our image analysis software determines the direction of motion of the recoiling nuclei. Figure 10 shows the angular distribution for the Cf exposure for projected recoil track lengths greater than 4.7 cm (top plot) and for all energies (bottom plot). The top plot has a secondary source at 270 degrees corresponding to high energy reflections from the back wall. The bottom plot shows additional secondary sources at the side wall and at a large concrete sliding door just out of the photo to the right in Figure 7 . Figure 11 shows energy vs. projected range for a 10 day background run (black squares) compared to the distribution for a Cf exposure. The 10 day run contained about 100 background events in the region of the neutron recoils for the Cf source (these are mostly cosmic neutrons with some cosmic protons and alpha particles from residual radioactivity). This is a background rate of about 10 per day. With the large prototype we get 5 recoil tracks per second for 3 mCi Cf-252 at 7 m. We would get 8 tracks for 4 s for 20,000 n/s at 1 m at 4 bar. This is sufficient to satisfy Category C,D,E specifications for ANSI N42.35 -2006 for neutron radiation monitors for use in homeland security. 
IV. NEXT GENERATION DETECTOR
We are currently building a next generation detector that is funded by the Boston University Photonics Center and by the Department of Homeland Security. It will have the following features:
• Active volume of 19 liters .
• Pressure up to 7 atmospheres absolute (with a safety factor of 4).
• Pressure/vacuum chamber with metal seals and no orings for vacuum bakeout for long gas lifetime.
• Custom Schneider lens with focal length 18 mm and f#0.93 that will have uniform light collection over 30 cm field of view.
• Andor iXon+888 EMCCD camera.
• Pure copper field cage to reduce α background by factor of 1000.
• Vespel rods for field cage support and vespel pegs for separating copper mesh from copper anode plane. Vespel is a high purity low-outgassing plastic that can be baked at 300 degrees C.
• To be outfitted with 4 small photomultiplier tubes with lenses to improve background rejection and neutron direction determination. Figure 11. Energy vs. projected range for 10 day background run (black squares) compared to distribution for Cf exposure. The 10 day run contained about 100 background events in the region of the neutron recoils for the Cf source (these are mostly cosmic neutrons with some cosmic oprotons and alpha particles from residual radioactivity). This is a background rate of about 10 per day. 
